A new process for modifying a polymeric material for use as a hole injection transport layer in organic light-emitting diodes has been studied, which is through 2π + 2π photodimerization of a DNA-mimetic π-conjugated poly(triphenylamine-carbazole) presenting pendent uracil groups (PTC-U) under 1 h of UV irradiation. Multilayer florescence OLED (Organic light-emitting diodes) device with the PTC-U-1hr as a hole injection/transport layer (ITO (Indium tin oxide)/HITL (hole-injection/transport layer) (15 nm 
Introduction
Organic light-emitting diodes (OLEDs) and polymer light-emitting diodes (PLEDs) are among the most promising technologies for use in next-generation light sources and flat-panel displays, because they can be prepared over large areas with light weights and can be operated with rapid responses, low power consumption, and wide viewing angles [1] [2] [3] [4] . High-efficiency LED devices typically feature one or more organic layers-namely, the hole-injection/transport layer (HITL), the electron-emitting layer (EML), and/or the electron-injection/transport layer (EITL)-sandwiched between the two electrodes. The limiting factors in determining the operating voltage, luminance efficiency (LE), external quantum efficiency (EQE), and brightness are the degrees of charge injection and transport. Charge injection and transport from both the anode and cathode must be balanced to recombine in the electron-emitting layer to enhance the efficiency and performance of OLED devices [5, 6] . Therefore, HITLs play an important role in OLEDs because they allow enhanced hole injection from the indium tin oxide (ITO) anode into the EML, resulting in balanced charge injection/transport and better performance [7] .
Hole injection/transport materials (HITMs) deposited through solution processing are typically based on poly (3,4-ethylenedioxythiophene) :polystyrenesulfonate (PEDOT:PSS), which has good hole injection ability, high conductivity (1-10 S/m), and reasonable ionization potential (Ip = −5.2 eV) [8, 9] . Indeed, deposition of polymers from organic solvents onto PEDOT:PSS, which is itself typically deposited from aqueous solution and insoluble in organic solvents, is a common process during device fabrication [10] . Nevertheless, PEDOT:PSS is a strongly acidic polymer that can degrade a device and emittor, thereby limiting its lifetime [11, 12] . PEDOT:PSS is fabricated from a water dispersion, which is also relatively more damaging for OLED devices than neutral conjugated polymers [13] . Therefore, efforts to develop new HITMs, including neither hydrophilic nor ionic functionalities, yet exhibiting excellent resistance toward organic solvents, have also been pursued actively. Conjugated polymers that have crosslinked network structures typically exhibit higher hole mobilities and solvent resistance properties because of the electronic communication between the polymer chains [14, 15] . Jen et al. [16, 17] synthesized a series of di(styrene)-functionalized triphenylamine derivatives that were crosslinkable hole transporting layer (HTL) materials. Crosslinked di(styrene)-functionalized triphenylamine derivatives can be placed, through solution processing, between the PEDOT:PSS layer and the emission layer to improve the efficiency of OLED devices. Hole injection-transporting materials (HITMs) having crosslinked network structures display solvent resistance, thereby avoiding interfacial mixing during the solution processing through spin-coating-an important factor toward achieving highly efficient OLED devices [18] [19] [20] [21] [22] [23] [24] [25] .
In previous studies, we found that the multiple hydrogen bonding interactions of nucleobase-functionalized polymers can result in physically crosslinked structures having substantially increased glass transition temperatures (Tg) [26] . Furthermore, we developed a new DNA-mimetic π-conjugated poly(triphenylamine-carbazole) presenting pendent uracil (U) moieties (PTC-U) that exhibited high thermal stability and excellent hole injection and good electron-blocking ability in the solid state, due to physical crosslinking of the U units [27] . Furthermore, a trilayer device incorporating PTC-U as the HITL displayed a maximum brightness as high as 48,233 cd/m 2 , an EQE of 2.40%, and an LE of 8.0 cd/A, values that are comparable with those reported (efficiency: 1.70 or 1.08 cd/A; maximum brightness: 7500 cd/m 2 ) for a corresponding device featuring conventional PEDOT:PSS as the HITL [28, 29] . Nevertheless, the HITL of PTC-U was slightly destroyed upon exposure to the solution containing the emitting layer during subsequent spin-coating. Because U is a photoactive pyrimidine base that can undergo 2π + 2π photodimerization [29] [30] [31] , in this study we investigated a new method for solution processing of PTC-U based on 2π + 2π photodimerization to increase its solvent resistance and thermal stability (Figures S1 and S2).
Experimental Section

Materials
All reagents were obtained from Sigma-Aldrich (St. Louis, MO, USA) and Acros Organic (St. Louis, MO, USA) and used as received. All solvents were purchased from TEDIA (Fairfield, OH, USA) and distilled over CaH2 prior to use. 4-butyl-N,N-bis(4-bromophenyl)aniline, 4-butyl-N,Nbis(4,4,5,5-tetramethyl-1,3,2-dioxaborolane-4-phenyl)aniline (1), 4-bromobutyl-9-(3,6-dibromocarbazole) (2), and PTC-U (3) were synthesized according to the procedures reported previously [27] . A solution of PTC-U (1 wt% in 1,1,2,2-tetrachloroethane) was spin-coated (2000 rpm, 30 s) onto ITO glass. The spin-coated film was irradiated at short wavelength (254 nm) in the presence of an ultraviolet crosslinker (UVP CL-1000, Upland, CA, USA).
Characterization
UV-Vis spectra were recorded using an HP 8453 diode-array spectrophotometer (Santa Clara, CA, USA). PL (photoluminescence) spectra were recorded using a Hitachi F4500 luminescence spectrometer (Schaumburg, IL, USA). Cyclic voltammetry (CV) was performed using a BAS 100 B/W electrochemical analyzer (West Lafayette, IN, USA) operated at a scan rate of 100 mV/s; the potentials were measured against a Ag/Ag + (0.01 M AgNO3) reference electrode using ferrocene/ferrocenium (Fc/Fc + ) as the internal standard. Atomic force microscope (AFM), equipped with a Hitachi High-Tech Instrument Scanning Probe Microscope (AFM5300E) and dynamic force mode, was used to examine surface morphology and to estimate thickness and root-mean-square (RMS) roughness of deposited films. FTIR (Fourier transform infrared spectroscopy) spectra of the polymer films were recorded using a Bruker Tensor27 FTIR spectrophotometer (El Monte, CA, USA) and the conventional KBr disk method; 32 scans were collected at a spectral resolution of 4 cm 
Fabrication of OLEDs
The HITL materials deposited by spin coating (15 nm) onto a UV-ozone cleaned ITO glass with a sheet resistance of 25 Ω·square −1 , and the other EL devices were fabricated by vacuum deposition of the materials at 10 −6 torr sequentially. The deposited at a rate of all the small molecular organic layers (BCP, NPB, and Alq3) were 1.0 Å·s . The deposited thickness are: NPB (15 nm), Alq3 (60 nm), LiF (1 nm), Al (100 nm) for florescence OLED device, and BCP (10 nm), Alq3 (40 nm), LiF (1 nm), and Al (100 nm) for phosphorescence OLED device. The relationship of the current density and brightness of the devices with respect to voltage were measured using a Keithley 2400 source meter (Moorpark, CA, USA) and a Newport 1835C optical meter (Lake Mary, FL, USA) equipped with an 818ST silicon photodiode. The EL spectrum was obtained using a Hitachi F4500 luminescence spectrometer. The emissive layer was formed via spin-coating a blend solution of poly(vinylcarbazole) (PVK) and fac-tri(2-phenylprydine) iridium(III) (Ir(ppy)3) in chlorobenzene (total 1.5 wt% in chlorobenzene, 6 wt% Ir(ppy)3:PVK). The device based on PEDOT:PSS (Bayer, Baytron P VP AI 4083, Sheffield, UK) was fabricated as the control device. All OLED devices tested at least 3 times for each types of device, and the standard deviation is less than 10% of these efficiency values.
Results and Discussion
Physical and Electrical Properties
Scheme 1 displays our synthesis of PTC-U [27] and the structure of the product from photo-crosslinking of PTC-U through 2π + 2π photo-dimerization under UV light at 254 nm. When we subjected PTC-U to UV radiation, its pendent U bases underwent 2π + 2π photo-dimerization to form cyclobutane rings. This photo-crosslinking method would presumably improve the solvent resistance and thermal stability of PTC-U during the solution processing of multilayer OLEDs/PLEDs. Figure S3 presents UV-Vis spectra of the exposed PTC-U film. Upon exposure to UV light at 254 nm, the intensity of the absorption peak at 346 nm decreased gradually and the intensity of the absorption peak at 425 nm increased gradually, consistent with the occurrence of 2π + 2π photodimerization [30] [31] [32] [33] and, therefore, an increase in the photo-crosslinking density of the pendent U units. High solvent resistant is a prerequisite for the fabrication of multilayer OLEDs/PLEDs through solution processing. We investigated the solvent resistance of our PTC-U film (before and after photo-crosslinking) by monitoring its UV-Vis spectra with chlorobenzene (a good solvent typically used for solution processing). Figure 1a -e presents the UV-Vis spectra recorded before and after rinsing of PTC-U and the photo-crosslinked products PTC-U-1hr, PTC-U-2hr, and PTC-U-4hr, respectively; Figure 1f displays a plot of the solvent resistance after the various UV irradiation times. After photo-crosslinking, all of the PTC-U films exhibited improved solvent resistance toward chlorobenzene.
We investigated the electrochemical characteristics of PTC-U-1hr thin film through CV (Figure 2 ), using tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte and ferrocene as the internal standard, to assess the degree of charge injection of the polymer. The energy level of the highest occupied molecular orbital (HOMO) of PTC-U-1hr was approximately −5.15 eV (HOMO = −(Eox,onset + 4.8 eV), while the energy level of its lowest unoccupied molecular orbital (LUMO) was −2.12 eV. The electrochemical characteristics of PTC-U-1hr were the same as those of PTC-U, suggesting that PTC-U-1hr would also possess good electron-blocking properties and an appropriate energy level for use as an HITM in OLED device. Scheme 1. Synthesis of compound PTC-U (3) and the structure of the photo-crosslinked polymer. Furthermore, we also investigated the surface morphology of PTC-U, PTC-U-1hr, PTC-U-2hr, and PTC-U-4hr by AFM (Figure 3) . The RMS roughness of PTC-U and PTC-U-1hr are almost the same (1.47 and 1.52 nm, respectively), and the RMS roughness of PTC-U-2hr and PTC-U-4hr are slightly increased after photo-crosslinking process (1.77 and 1.81 nm, respectively). However, compared to the AFM images and the RMS roughness of PTC-U, PTC-U-1hr, PTC-U-2hr, and PTC-U-4hr, we believe there is near-zero shrinkage in the course of photo-crosslinking. 
Florescence OLED Device
We tested the hole injection/transport ability of the crosslinked polymer through assembly of OLED devices through sequential coating of layers of PTC-U, PTC-U-1hr, PTC-U-2hr, or PTC-U-4hr (HITL), NPB (HTL), Alq3 (as the EML as well as the ETL (electron injection layer), LiF (as the EIL), and Al (electrode) onto ITO (transparent anode) (i.e., ITO/HITL (15 nm)/NPB (15 nm)/Alq3 (60 nm)/LiF (1 nm)/Al (100 nm) as shown in Scheme 2). When we used PTC-U or PTC-U-1hr as the HITL, the electroluminescence (EL) spectrum of the Alq3 dual-layer device peaked at 513 nm ( Figure S4 ), indicating that PTC-U-1hr continued to serve only as a hole-transporting material, without causing exciplex formation. Figure 4 displays the current density-voltage-luminance (I-V-L) characteristics of these green light-emitting fluorescence devices. The operating voltage of the device based on PTC-U-1hr was almost the same as the control device incorporating the PTC-U at the same current density (Figure 4a) ; the turn-on voltage of the former (3.6 V, corresponding to the luminescence at 1 cd/m 2 ) was almost the same as the latter (3.5 V). The major effect to determine turn-on voltage is the energy level OLED device structure, especially stepwise energy ladder HOMO level. Low tune-on voltage is the represent great hole injection ability. Low tune-on voltage represents the greater hole injection ability. Figure S5 ) display plots of the EQE, LE, and power efficiency (PE), respectively, against the current density. The EQEs of the devices incorporating PTC-U-1hr (2.65%), PTC-U-2hr (2.48%), and PTC-U-4hr (2.45%) were all higher than those of the control device based on PTC-U (2.4%), with that of the device incorporating PTC-U-1hr even being 1.8 times that of the corresponding device based on commercial PEDOT:PSS (1.46%) [27] . The LE and PE of the device incorporating PTC-U-1hr (8.9 cd/A and 5.5 lm/W, respectively) were 1.9 and 1.55 times higher, respectively, than those of the corresponding device based on commercial PEDOT:PSS (4.7 cd/A and 3.57 lm/W, respectively) [27] .
The improvements in performance of the devices incorporating the photo-crosslinked PTC-U polymers, relative to the performance of the device based on non-crosslinked PTC-U, were due to their different HITLs, because the anode, cathode, ETL, EML, and EIL, and the thickness of each device, were identical. Because the HOMO energy levels of the photo-crosslinked PTC-U polymers (5.15 eV) were exactly the same as that of non-crosslinked PTC-U (5.15 eV), the energy barriers for hole injection and the electron blocking abilities would have been exactly the same for their different devices. The solvent resistance of the devices incorporating the irradiated PTC-U polymers improved as a result of photo-crosslinking. We attribute the enhanced brightness and efficiency of the device incorporating PTC-U-1hr, relative to those of the device based on PTC-U, to the balanced charge fluxes within the EML (the result of improved hole injection, hole transport, and solvent resistance). PTC-U and PTC-U-1hr were investigated by fabricating hole-only devices with structures of ITO/HITL (30 nm)/Al to further compare with the hole-transporting properties. The HITLs were coated on an ITO substrate using tetrachloroethane as solvent. The results are shown in Figure 5 , where the current density (hole injecting/transporting ability) of the hole-only devices from the PTC-U-1hr increases as compared to PTC-U. The hole-transporting property improved form PTC-U to PTC-U-1hr due to the photo-crosslinking process. The photo-crosslinking improving the hole injecting and transporting ability of the devices incorporating the irradiated PTC-U polymers; accordingly, more holes moved to the emitting layer to balance the charge recombination at the emitting interface. Notably, the performance of the device having the structure ITO/PTC-U-1hr/NPB/Alq3/LiF/Al, in terms of its maximum brightness (56,704 cd/m 2 ) and LE (8.9 cd/A), was higher than that of the previously reported multilayer device having the structure ITO/PEDOT:PSS/NPB/Alq3/LiF/Al [26, 33] , confirming the improvements in the hole injection, hole transport, and solvent resistance properties after the photo-crosslinking of PTC-U-1hr. Table 1 lists the characteristics of the EL obtained when using PTC-U, PTC-U-1hr, PTC-U-2hr, and PTC-U-4hr as HITMs. The maximum brightness and LE of PTC-U-2hr and PTC-U-4hr were disappointing, presumably because the UV radiation destroyed some of the covalent bonds (e.g., C-C, C-H, and C=C bonds) of the polymers [34] [35] [36] [37] . 
Phosphorescence OLED Device
To further determine the suitability of using PTC-U-1hr for solution processing, we processed PTC-U-1hr, PTC-U, and PEDOT:PSS as the HITLs for Ir(ppy)3 (normal green light-emitting) phosphorescent OLEDs [38] [39] [40] [41] . We formed the emissive layer (40 nm) through spin-coating of a blended solution of PVK and fac-tris(2-phenylpyridine)iridium(III) (Ir(ppy)3) in chlorobenzene (total 1.5 wt% in chlorobenzene, and 6 wt% for Ir(ppy)3:PVK). We then deposited BCP (10 nm), Alq3 (40 nm), LiF (1 nm), and Al (100 nm) as the hole blocking layer, electron transporting layer, and cathode, respectively, through thermal evaporation at a base pressure of less than 5 × 10
torr. We also fabricated a control device based on PEDOT:PSS (thickness When we used PTC-U or PTC-U-1hr as the HITL, the electroluminescence (EL) spectrum of the Ir(ppy)3:PVK device peaked at 512 nm ( Figure S6 ), indicating that PTC-U-1hr continued to serve only as a hole-transporting material, without causing exciplex formation as the HITL layer (i.e., ITO/HITL (15 nm)/Ir(ppy)3:PVK (40 nm)/BCP (10nm)/Alq3 (40 nm)/LiF (1 nm)/Al (100 nm) as shown in Scheme 3). Figure 6a displays the I-V-L characteristics of these green light-emitting phosphorescent devices. The operating voltage of the device incorporating PTC-U-1hr was lower than that of the control device based on PEDOT:PSS at the same current density; the former also exhibited a lower turn-on voltage (7.13 V, corresponding to Figure 6a at 1 cd/m 2 ; the same as that of the control device based on PTC-U). As mentioned above, the major effect to determine turn-on voltage is the energy level OLED device structure, especially stepwise energy ladder HOMO level. For our phosphorescent OLED device structure, PTC-U and PTC-U-1hr are having proper HOMO level to forming a stepwise energy ladder than PEDOT:PSS. Figure S7 ) displays plots of the EQE, LE, and PE, respectively, with respect to the current density. The EQE of the device incorporating PTC-U-1hr was 9.68%, nearly 2.3 times that of the control device based on PEDOT:PSS (4.29%). The LE and PE of the device incorporating PTC-U-1hr (36.6 cd/A and 15.32 lm/W, respectively) were 2.3 and 2.0 times, respectively, those of the control device based on PEDOT:PSS (16.2 cd/A and 7.85 lm/W, respectively). In addition, the EQE of the device incorporating PTC-U-1hr also improved, by 1.16 times, relative that of the control device based on PTC-U (8.35%). The LE and PE of the device incorporating PTC-U-1hr were 1.19 and 1.32 times, respectively, those of the control device based on PTC-U (30.8 cd/A and 11.65 lm/W, respectively). The improvement in performance of the device incorporating PTC-U-1hr, relative to the device based on PTC-U, was due to the difference in solvent-resistance and hole-transporting properties after photo-crosslinking, because the anode, cathode, ETL, EML, EIL, and thickness of both devices were identical. The excellent solvent-resistance of PTC-U-1hr made it resistant to degradation during subsequent solution processing of the emitting layer (Ir(ppy)3:PVK in chlorobenzene). As mentioned above, the photo-crosslinking improving the hole injecting and transporting ability of the devices incorporating the irradiated PTC-U polymers, in Figure 5 . Notably, the performance of the ITO/PTC-U-1hr/Ir(ppy)3:PVK/BCP/Alq3/LiF/Al device, in terms of maximum brightness (41,466 cd/m 2 ) and LE (36.6 cd/A), was superior to that of the previously reported multilayer device having the structure ITO/PEDOT:PSS/Ir(ppy)3:PVK/BCP/Alq3/LiF/Al [42] [43] [44] . Table 2 lists the EL characteristics of the devices incorporating PTC-U-1hr and PTC-U as HITMs. 
Conclusions
We have developed a new process-through photo-crosslinking of PTC-U for 1hr-for preparing an HITL material displaying excellent solvent-resistance and hole injection and hole transport ability. The efficiency of PTC-U-1hr when used as an HITL led to excellent improvements in the performance of both fluorescent and phosphorescent OLED devices. More importantly, the performance of the solution-processed device incorporating PTC-U-1hr was excellent when compared with those of corresponding the control device based on PTC-U and commercial PEDOT: PSS. Accordingly, PTC-U-1hr appears to be a promising HITM for use in highly efficient solution-processed phosphorescent OLEDs. PTC-U-1hr allowed us to construct a fluorescent device (an electroluminescent device having the structure ITO/HITL/1,4-bis[(1-naphthyl)phenylamino] diamine (NPB)/tris(8-hydroxyquinolinato) aluminum (Alq3)/LiF/Al) exhibiting a maximum brightness as high as 56,704 cd/m 2 and an EQE and LE of 2.65% and 8.9 cd/A, respectively. Furthermore, we also fabricated a phosphorescent device (an electroluminescent device having the structure ITO/HITL/Ir(ppy)3:polyvinylcarbazole (PVK)/2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP)/Alq3/LiF/Al) that achieved a maximum brightness as high as 41,466 cd/m 2 and an EQE and LE of 9.68% and 48 cd/A, respectively. The presence of PTC-U-1hr in a phosphorescent OLED prepared through solution processing resulted in EQEs and LEs that were 2.2 times higher than thos Accordingly, PTC-U-1hr appears to be a promising HITM for use in highly efficient solution-processed phosphorescent OLEDs.e of the corresponding device based on commercial PEDOT:PSS.
